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W R AE R 25 R 75 G W B A KT 1 s AT RS R R 48 AR R (8 B 0 L PR R T iz TR A P R
(MOFs) & — 2 i 43 Jm 8 7/ 5 Ji B AT HLIC M LR T8 i 2 FLASRE S, B AT iy 4 L 3 i AL ] 308 922 7 AL
Ao AR 75 Y Wy O B 2% B U s AR B 1 T ) AELJE L A B9 MOFs BB LARTEAE /D T 2 nm, X 28§ L
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ASHIFFE LA 58 A R A DA R AR R 2R P K BT i 4 B A Bl R FLES A8 9 22 2 FL HKUST-1 #4K.
RGN pH A R B 25 R 2 L W R Bl g o LR A B 1 b R IR RS R A A4 5 L R A0 R LA R
T PR RS RIS Z AL HKUST-1 ARL Al BE 89 W MEALER , I T S Bake dd i om P31 i ol B 25 B

1 SLIGES

1.1 UE5KH

FH L BB (FE [, SUPRA40) , 3 S ML F W 5B (H AL JEOL) , X S 4Ot B+ BEIE AL (3£ [H, ES-
CALAB250Xi) , fd HL 28 e 2T SM G5 (2 [ NEXUS) o X B2 R A7 4L (f 22, XPert3 Powder) , [ 1
FURALAZ 23 B4 CH A%, MicrotracBEL) , #VE 43 HH A (FE[E , STA 449C) , 411 W46 B TH (AL 5 4T T6).

TP L T R R AN b ke R R R R A A T b 3 = R R AL B e TR TR R A BR A L -
Jort 5 B R 0 AN = 7K B s T A W T [ 24 4 R A2 a0 A BR A W SR AR I T R T R Ak iR R A BR A A
PR = WIR I FAbnt m REAHE A R F L TooK S L T RV AR 40 55 I i T A8 R Ak 2 3550 A BR 2 ]
1.2 MelHE&E

Z 9L HKUST-1 Wil £ 2 2% SClk Oy e b A7 B BT i S0k 28 = B R (0.525 o) il T 5K
LEEF (15 mL) 5 [A] B R =K A5 A PR (1.093 @ Wi T 5 B F /K (15 mL) , Z 5 I A BB AR - — ¢ 2 4 1R
BH(SDS,0.131 @) 5 2B UL LIRS IRIE G ¥ S RS EE, T 120 ‘T 12 h 5t 38 R &
PR 25 B oK W e A5 20 1 R LW, B R A B ) B A TR (60 °CL 12 h L MBI 2 RAL & TR A HLE 4
HKUST-1(hierarchical porous HKUST-1, HP-HKUST-D).[A] i , g 48 SDS F18 2+ 19 LL 5] (g, 2 ne o)
9 0.025 ¢ 1,0.050 ¢ 1,0.075 ¢ 1,0.100 : 1,0.125 : 1,0.150 = 1,44k HP-HKUST-1 1 #1£ & 15 1 45 3 7%
7 B DL 1A R R IR R Tk FEAR I SDS IS B F il &R LAY HKUST-1.
1.3 WRHsEIe
1.3.1 pH ¥m

¥ 10 mg HP-HKUST-1 43 HIATA 10 mL #9 50 mg « L' 95 FF T B EER W . HCL AT NaOH 43 514
A pH LN 3~11.48 )5 F 25 CHEEAKBIRY 2 h(180 r « min 1), W I F 8 5 F 0.22 pom 3BT I8, 1 %
HP-TT WL A3 66 BE T TS L E R P T R VR R MR TS 4 A T R R 25T R M A R QL
[ 4 %% HKUST-1 [ PEfE.
1.3.2 Wk sh 2%

AL E A S8 ¥ 10 mg HP-HKUST-1 23 in A & 5095 P+ 1 3 (10 mL,50 mg » L™, F
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BUH S WL 40 9 1 0.22 pm € .{4&\3’ CH,CH,OH

WL L B LW R 3T 1 O o

8 5 e ViR B8 O T R R Y

Wt . 7 45 % ¢ HKUST 1 . %
F R Y 3 71 A

Bl HP-HKUST- i & id AR 25 1
Fig. 1 Schematic diagram of HP-HKUST-1 preparation process

B R AR — 28 T2
BRI (D) R — e sh Fi 2
BRI (S (2)) 3 531 0T W B 500 R AT 400650 o 25 %58 R B 25 4k I A ] ) 28 b 4

Q. — Q) =InQ, — &1z, (D
1/Q, =1/(k:Q1 +1/Q., (2
KL ,Q.(mg+ g DM Q, (mg « g ') 43 Jy - 7 isf 6] 1 ¢ B B) P B4 W BAE % L ¢ Conin) 2 W R BF 6D, &
(min~ ") Fl b, (g mg"'min~ )43 HIE A — G 8h 1 4 FUB G sl J1 24 B 1) H 4L
1.3.3 W FfF 45 iR 4k

K FH S48 W2 i 5256, 8% 10 mg HKUST-1 Al HP-HKUST-1 30§50 A 10 mL &7 A [R5 9k BE 59 75
RS W (10~500 mg « L), F 25.35.45 C &M F/AKBIRY 2 h(180 r « min 1) =4, J1] 0.22 pm HY
5k 9 00 b R R IR P TR R R L ) 2 4 HIKUST-1 A W B 45 38 A8 AL R A

3 9 Langmuir #58 (X(3)) F1 Freundlich #58 (X(4)) % 0 B 25 18 550 P gE AT LA 00, B8R R )
JOT £ Y 85 6T b ARk W o 5 ) 5 )

C./Q.=1/(K.Q.)+C./Qu>» (3)
InQ.=In K+ (1/n)ln Q.. 4)
K, Colmg « L) W P I b 5 7 1 B BB S, Q. A Q. (mg » g ') 43 il 3R A 40 W i ~F- iy
A KRB 25 5 K . /& Langmuir % 80, K¢ #1 n, 43 %1J& Freundlich % 4.
1.3.4 JLAEEFm

h T G HEAE B T % Rk B B A 5 L % NaCl 9 (0.0.05.,0.10 H1 0.15 mol « L) 2 Bt T
P T B W (10 mL,50 mg « LD IRAE 40 4 A 10 mg HP-HKUST-1 #&83% 2 h(25 C) . Z 5 ¥
W 0.22 pm PR P8 E IS R IR A TR R T I HP-HKUST-1 XF 95 FF i 0 B 25 . [
i % 24 B % HKUST-1 B 520,

1.4 EEBREmMmAH

h %58 HP-HKUST-1 19 52 P BE . DA 24 Hiu i 117 Bl AL 1) 3K 35 56 ¥ L fREURY | BRABUSG R BRABU 46 4 FhARE .
Iy FRE 2.0 g BESIE AR FE T (3.5.10 F1 15 pg» g DL ZJE A 10 mL Z 5. #7520 min J5 8.0
(4 000 r» min~ "), 1 0.22 pm B U8 S WA A AR WK K IBBIR G R 22 R IE T R85 10 mL BB
e Y % 10 mg HP-HKUST-1 20 3 A b b H B i b L 3R 3% 2 b s o o A 28 Ah-T 0L 4 6 6
TR T RV IR PR T SO v [ A SRR B 2 R AT AT RS R R AN 3 AT

2 HR5UE

2.1 #RIRAE
2.1.1  HLBE LGS 4 S 805 Hr

M 2 /] LIE H HKUST-1 F1 HP-HKUST-1 24 52 8 A0 00 (49 1 /N TR S5 8. HKUST-1 3% 18 6 ¥ 1 %5 52
(El 2Ca,o)) My fLIE B HP-HKUST-1 2% i kA 2 30 B B ) FLAR &5 48 (B 2(b)) o Hoi x4k 52 B K 51X
B 2(d)) B HP-HKUST-1 HE 8 T A FLALBRT 1 N, 05 BB B 52 56 25 SR | /R HKUST-1 8 F 1 &Y
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(F 3Ca)) s HFE1~2 nm 1 [ A7 76 — W e (&L 3 (b)), 36 B H A B fLY Y i HP-HKUST-1 78
0.5<<P /P ,<<0.9 X [l 7748 B A9 [ 2R (B 3Ca)) o FE 3~8 nm 5 Bl 9 A P WC i CFET 3.(b)) i3 B ] Bk 77 7
TRAL AN A FLE5 K, R IR SDS S 5 BOE LT A ALALBRY ™ Hongyg = oo AN O 1T HEINE 0.150 ¢
1 Ay A p, HP-HKUST-1 A9 FLBR 3R M 0. 140 30 2 1,334, b R AL 1 2779098 4> & 718.29 m? « g !
GE D HA ng # n 0 0100 1B, HP-HKUST-1 19 LR TIFA(821.44 m® » gD FAIFLERA(1.019) [F i fe .
2.1.2  THOULGS #E AR E Tk 43 B

3 () iy XRD B 7R, HKUST-1
HP-HKUST-1 7£ 20=5"~ 205 Bl N 44 W &
(AT S 0, 55 PR M TR 1 25 0 — B R HKUST-1
Zo3d P FL AL B (9 HP-HKUST-1 45 &4 ok &
AEPCEYY, B HKUST-1 A e, HP-HKUST-1 \
) 3 AT 5 i R B AT ) W AT o B ) S
b A7 S5 0, 22 B RS Al 1) SDS ¥ AT A A HILBC 44
B Cu®" 45 5 T8 WL A & 4 25 1. i Ah . HP-
HKUST-1 (% 2L &b 335 & Hb o WL 42 3 51RE R 1)
SDS 1y 1E W W g (B 3 (d)), ik Bl HP-
HKUST-1 H1) SDS & % it 5¢ 4. M #4 il 2k
A (B 3 Ced) v LU, HKUST-1 Al HP-
HKUST-1 7€ 320 “CiE P 32y 2256 1 it
P 3X AT BE A AR B O R o 28 KRR R

&2 HKUST-1HRIHP-HKUST- 1 T3 R Ak 1

ANGE 2R ST A T U R AR ST PR R Fig.2 Tmages of HKUST-1 and HP-HKUST-1
B BT SR A BT % 0T REIT B B B,
B, HP-HKUST-1 78 320 “Cu [ N A R 45 0y #F0E 1k GBI T L PR IR rh I5 P T 09 0 B 5 B3
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Fig.3 Characterization of HKUST-1 and HP-HKUST-1 prepared with different ng  :n . ratios
2.2 HFEHIR B 1 BE
2.2.1 pH ¥
M 4 AT RUA L 7E pH 3~6 i B . HP-HKUST-1 () W Bt 75 1 B 8 7 36.24~38.90 mg + g ' Z [,
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M pH M 6 AR 11, 4R I A SIS (pH=11,Q.=48.13 mg + ¢ .M F#H S+ L 4 pKa Ny
13.5, 7E 525 pH B N & 43 TR 2, i HP-HKUST-1 1 Zeta HLA7E pH<<6 L N4EIE T 0 mV, ik
WA WEE pH B W IN, HP-HKUST-1 3R i ¥ b 47 07 M 23 % 43 F 28 95 P 177 A i B e 5] L A ol 1%
Bt 25 4t 20 K T T SRR G R S v S I IR B S A (pH=7.,Q. =43.26 mg + g DL F| R K
B9 90 %% . DX fE RS 52 IR X IR P T B9 %500 B

R1 TE gt n,p tEBIH & HP-HKUST-1 BFL 4515 8

Tab. 1  Pore structure parameters of HP-HKUST-1 prepared with different ng * n_,. ratios

Ngpg M2t Sypr/(m? = g™ 1) V./(em®« g™ V o/ (em® + g1 V iere/ (e« g71) V e’V miero

0:1 1277.90 0.703 0.086 0.616 0.140
0.025 ¢ 1 901.53 0.534 0.178 0.356 0.501
0.050 * 1 841.59 0.534 0.214 0.319 0.669
0.075 + 1 823.01 0.537 0.237 0.299 0.791
0.100 ¢ 1 821.44 0.555 0.280 0.275 1.019
0.125: 1 794.41 0.542 0.268 0.275 0.969
0.150 + 1 718.29 0.552 0.315 0.236 1.334

2.2.2 Wtsh Ji2%

Bl 5Ca) R, fE S 4544 . HKUST-1 1%
B SF- 1l R 18, P T R 200 8.02 mg + g LM
HP-HKUST-1 (W B 25 &8 7E 30 min PG i,

70 20
I3 HKUST-1
60 | . B HP-HKUST-1 4 10

4 -30

50 e Aermrdre—dmmz g N m oo 0o =
IEAE 90 min P4 ik B WL 5 (Q. = 44.34 mg - Tl {0 =
@ URMPA BRI E S LAY 5.5 4%, B HP- B Lo 2
HKUST-1 B R B fL7E F LA 7, X0 P+ 1 S :

255 BE 0 S R N X 1 R 0 2 AT B0 ) SE LA
HER 2D, UULE MR = Hgh Iy = R A G

4 -40

=50

HKUST-1 fl HP-HKUST-1 %F 3 7F T A% W% ff i 72 B EE R R
(R*>>0.995) , M50 2 B0+ 525 1 W% i 25 i ( Qo = B
46,52 mg - g )AL E BT I 4 A A i (Q _ P4 ARIIpHg At FIP-HKUST- 1% 757 T (9B B Ze ta HEAL

Fig.4 Adsorption for Sudan I and Zeta potential of
HP-HKUST-1 at different pH

44.34 mg + g ') X S 25 B SR B A AL 25 48 1 T AR G
FARTE T HP-HKUST-1 %95 PF T 609 m fif P BE.
2.2.3 KR

M5 () A 401, B PF T 400 0f o v B 3 , HP-HKUST-1 1% W% B 25 5 B Wi, B )5 8 THa e le Kk
W B 25 ik 149.25 mg + g ', & HKUST-1 9 5.69 1% (Q. . HKUST-1=26.19 mg » g 1), XAl it 2 TH &
R JEC VA B 7 A T R M IR Bh 7 IR A AL R AT 1R S T IR 1 4 1 A4k o8 A0 3 T B IR A6 A A
WAL R R (2 3), HKUST-1 1 HP-HKUST-1 %F 35 FF T B9 W B i 72 3 45 & Langmuir %8 (R? >
0.995) , W Bt i 2 & 1 2020 1 2 WL B L AE 3 AN E R, HP-HKUST-1 i K| 43 2 0.047,0.068 Fl1 0.198,
T HKUST-1,3& W] HP-HKUST-1 %t 757+ 1 BA TR A 455 6870, B IHRA R T 20 B i 2.
2.2.4 FAEE TR

SR IS v ) A B AT RE 23 6T A Rk 1 W B 3 R e, E AN RV B S AL AR (NaCD (0~0.15 mol « L)
TR T (09 5% ma 45 5 (& 5 () fon, HKUST-1 I HP-HKUST-1 %F 75 FF [ 59 W Fff 25 & Fa & 76 11.06 ~
14.63 mg =g ' Ml 46.61~47.58 mg + g "W H W, JLF#A Z A7 8 1 5w i 45 R R WISk A SDS 7E
HKUST-1 HE i AL 25 , 78 5 B 52 22 R 2 rp LA S5y 1 1o RV g
2.3 HIESH

CLAMGIESS SR (B 6 (a)) B, R 75 #F 1 J5 . HP-HKUST-1 78 3 249 cm ' (O— H) W U s 21§ &
3363 cm ',1553 em "R C=C AU WIRIETEFRS 2 1 545 em ' X BB AT RESE BT | h i RS



22

AHEIFERFFRCRHF R

2026

HP-HKUST-1 #1845 58 iU, R R R Z 8] &2 o—n A EAE DY 6 (b) XPS ik 7 W B 95 £+
Ji s HP-HKUST-1 9y C 1s.N 1s Fl O 1s ByUE5R BRI, Hrf C=01(288.75 eV) .C—0(286.42 V) . Fil C=C
(284.77 eNDTEW IR 1 J54> A 3h & 289.13,285.92 Fl 284.27 eV (& 6(c)) , WM 75+ 5 HP-HKUST-1
5 C—O FMl—COOH 2 Ja) % A S AR AR P L [FEE O 1s B3R H—0(533.20 V) .O—C=0(532.23 V)
M Cu—0O(531.68 e V) 4RAEIE 4> 55 51 & 533.68.532.32 F1 531.80 eV (& 6(d)) F M IR A+ [ 20 7 b 19 3% 4
B BB T R E o SUEEE S S W R R e, AR R R S AR o — e AE R PR R A FL A5 F 2 HP-

HKUST-1 & ¥ REW KI5 A T A9 32 28K 3h ).
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Fig.5 The effect of contact time(a),Sudan T initial concentration(b), the salt concentration(c) on adsorption capacity,

% 2 HKUST-1 1 HP-HKUST-1 B % [ i hE S
Tab. 2 Adsorption kinetic parameters of Sudan | on HKUST-1 and HP-HKUST-1

(d)

v Qur/ g 1% =g %%
. (mg+g " Qew/(mgeg D Ki/(min~ 1) Rf Qecat/(mg+ g 1) K,y/(ge (mge min) 1) R;
HKUST-1 8.02 7.54 0.017 8 0.924 8.67 0.004 38 0.995
HP-HKUST-1 44,34 41.93 0.018 8 0.951 46.52 0.001 36 0.998

x3 AEBETXHA | WRMERSITSH
Tab. 3 Analysis parameters of adsorption model for Sudan [ by HKUST-1 and HP-HKUST-1 at different temperatures

Langmuir Freundlich
HE t/C
Qu/(mg =g ") K, /(L+mg 1 R} n Ky R}

HKUST-1 15 18.25 0.034 0.999 3.869 3.832 0.953
25 24.11 0.050 0.995 3.343 3.594 0.936

35 26.19 0.059 0.998 3.333 4.837 0.931

HP-HKUST-1 15 134.11 0.047 0.999 3.553 29.106 0.893
25 139.85 0.068 0.999 3.783 33.899 0.891

35 149.25 0.198 0.999 4.295 41.968 0.896

2.4 ELEBRERSTH

R T BUEAR LA R HP-HKUST-1 M EHE SR i SRR 220 1~15 mg « L' 9 1 H B
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AR, F. S BILABAIEE HKUST-1 0945 & 23t 54 | 09 d s 23

SRR 2R, iR T FE N v =0.056 282 +0.003 91(R?=0.999 8). Bl )5 , % B MUK . B L & i 19
WU 4 TS BRBE S FEAT AR 810, 20 B 0 B 2 BR O 45 R R (36 ), B 4 i HP-HKUST-1 % 52 Bk &
g P T R IR 90,10 %6 ~110.50 %6 » AH X B 1 i 22 (RSD) /T 6.72 % . ik W] HP-HKUST-1 #4
RHE S Z 52 B BE 5 B R 9 1 RO, HF AR R 5 RS TR A K T 87 Y, e e kR
S (B 5(dD).

Cls
&~ 1 z’
1 S N 1s
! 5 A
3 249 ! £ L,
g ! i
SR 4
1 55: _——-’J \
3 500 2 500 1 500 500 1 200 800 400 0
Wavenumbers/cm ! Binding energy/eV
0 1s
) )
st = _
2 2 B S
I I
et =
S £ Cu—0
0. _(—
e ” ’ %J(K;IAT
L B PR il
UK
292 288 284 280 536 534 532 530 528
Binding energy/eV Binding energy/eV
(a) ZLAME L (D) XPSIGIE KL (o) C 1sIGIE KL (DO 1s)Gik K.
Fl6  HP-HKUST- LB IR P T AT G I £0 MG P (o) FIXPS Y1 P (b-d)
Fig.6 The infrared spectra(a) and XPS spectra(b-d) of HP-HKUST-1 before and after adsorption of Sudan [
% 4 HP-HKUST-1 EXXBRERPIHT [ HEREBE(n=3)
Tab. 4 Extraction recovery of Sudan [ by HP-HKUST-1 in actual samples(n=3)
FE R AR/ (pg e gD [l i R/ % RSD/ % (e AR/ (pg e gD [l i R / % RSD/ %
A i ¥ 0 — - b2 0 — —
3 110.50 6.72 3 98.79 4.67
5 93.91 3.17 5 90.29 4.30
10 92.62 3.70 10 93.59 3.41
15 96.25 1.77 15 91.93 1.09
BRASURY 0 — - BRA A 0 — —
3 92.54 4.08 3 102.01 3.97
5 90.10 1.15 5 96.28 3.58
10 92.50 1.18 10 105.34 2.44
15 97.21 2.37 15 99.90 2.50

2.5 MRIREERE LR

B A fF

FE 5 F A SCRR R E 19 07 ik HE AT He B, S5 2R UL 6. mT LAFE L 5 Ol SRR I GE AT L AT Y

HKUST-1 ¥R H , ASTF 57 EA T 35 00 0 B 45 B (149.25 mg » g '), 50 40 19 S 47 B 1] (90 min) , A1 i %6 55
(90.10% ~110.50 %) 24 34 , U B Z2 24 £, MOF's A1 RHE V5 e 1y W B 22 55 07 1 B A B 47 1 1 1 5 5.
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Tab. 6 Comparison of adsorption properties of HP-HKUST-1 and other adsorption materials for Sudan

W B A Rt A E/ (mg = g 1) - #6515 8] / min s/ % EEPEN
MIP@Fe; Oy 3.30 — 80.80~101.42 [22]
COFs 65.71 360 — [23]
MIP1-3 — 210/150/120 80~83 [24]
RHNS 0.62 120 77.31~101.53 [25]
HKUST-1 26.19 90 — A5
HP-HKUST-1 149.25 90 90.10~110.50 PN

T — 7R R .

it

VL Jm A MR 28 HKUST-1 5657, Al F + — be SE A R 40 O AR R, il il 4 1 B AT T AL A A FL25 A

B ZHfL HP-HKUST-1 #18L. SEgn g R, 2 - fLAA B S . HP-HKUST-1 #4850 95 7 1 38 W f 68 1 &
FHEAN L AE 90 min B AT A 2 fe KW B 25 149.25 mg « g 'L A G FL A HKUST-1 (1) 5.69 1%, H HP-
HKUST-1 MR HA B #da @ eyt T ae 11, se % H T L 8 i an 2t 1 75 39 A 50 2= 5%
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Preparation of hierarchical porous metal-organic framework
HKUST-1 and its adsorption removal of Sudan [

Zhu Guifen, Du Jiejie, Luo Chenshi, Chen Runan, Liang Pengfei, Wei Yaxin

(School of Environment; Henan Key Laboratory for Environmental Pollution Control; Key Laboratory of Yello River and Huai River

Water Environment and Pollution Control, Ministry of Education, Henan Normal University, Xinxiang 453007, China)

Abstract: The Yellow River Basin, as a crucial ecological barrier and economic zone in China, requires efficient removal
of pollutants from its environment to protect both the ecological environment and human health. This study focuses on the high-
efficiency removal of Sudan [ pollutant by synthesizing a hierarchical porous HKUST-1 material(HP-HKUST-1) with micro-
mesoporous structures, using metal-organic framework HKUST-1 as the matrix and sodium dodecyl sulfate as a soft template.
The results showed that HP-HKUST-1 simultaneously possesses micropores and mesopores, achieving a maximum adsorption
capacity of 149.25 mg * g ' for Sudan | , which was 5.69 times higher than that of microporous HKUST-1. The adsorption
process was consistent with the pseudo-second-order kinetic model and Langmuir model, and the adsorption equilibrium can be
reached within 90 min, higher temperature favoring the adsorption process. As an adsorbent, HP-HKUST-1 can remove
90.10%-110.50% of Sudan T in real samples. After 5 cycles, the recovery of HP-HKUST-1 for Sudan I remains above 87 %.
This work provides a novel strategy for expanding the application of metal-organic frameworks in the adsorption and removal of

environmental pollutants.

Keywords: metal-organic frameworks; hierarchical porous MOFs; Sudan [ ; adsorption; the Yellow River Basin
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